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Recently, it was found that a wedgelike microparticle (referred to as ”carrier”) which is only al-
lowed to translate but not to rotate exhibits a directed translational motion along the wedge cusp
if it is exposed to a bath of microswimmers. Here we model this effect in detail by resolving the
microswimmers explicitly using interaction models with different degrees of mutual alignment. Us-
ing computer simulations we study the impact of these interactions on the transport efficiency of
V-shaped carrier. We show that the transport mechanisms itself strongly depends on the degree of
alignment embodied in the modelling of the individual swimmer dynamics. For weak alignment, op-
timal carrier transport occurs in the turbulent microswimmer state and is induced by swirl depletion
inside the carrier. For strong aligning interactions, optimal transport occurs already in the dilute
regime and is mediated by a polar cloud of swimmers in the carrier wake pushing the wedge-particle
forward. We also demonstrate that the optimal shape of the carrier leading to maximal transport
speed depends on the kind of interaction model used.
I. INTRODUCTION
The collective properties of active fluids have been
studied intensively in the last years [1–4]. Examples of
such active systems can be found in quite different areas
of nature ranging from bacteria [5–8], alga [9–11], sper-
matozoa [12–14], animals [15] – like birds [16], fish [17] or
insects [18, 19] – and even human beings [20–22]. All of
these systems can be categorized as living active systems.
Additionally, there are a broad class of artificial realiza-
tions, based on various propulsion mechanisms like pure
body rotation [23], propulsion by attached flagella [24–
26] or various chemically induced mechanisms like self-
diffusiophoresis [27–32] or self-thermophoresis [33–35].
All of these swimmers are known to form spatiotem-
poral active states like swarming [36–39] and turbulence
(swirling) [40–48]. Most of these patterns can be ob-
tained by a simple modeling based on excluded volume
effects of effective anisotropic objects [42, 49]. However,
the actual particle collisions and the degree of alignment
are supposed to play an important role [50, 51]. A mutual
alignment of colliding swimmers provides a mechanism of
swarming [52], as observed for a lot of artificial active
systems [51, 53–55]. On the other hand experiments have
shown a swim-off effect of two bacteria after the collisions
[5, 56, 57].
In the last years, in experiment as well as in simula-
tions, active fluids have been considered in the presence of
passive objects or obstacles. Fixed boundaries have been
shown to guide active particles [58, 59] and accumulate
them [60–64]. This effect has been used to rectify the mo-
tion of swimmers [65–69], and building sorting [70–73] as
well as trapping devices for microswimmers [59, 74, 75].
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The motion of passive particles submersed in complex
systems [76], like active fluids, has been studied as well.
Starting with simple small spherical [77–79] and curved
[80] tracer particles to large deformable chains [81], show-
ing a regime of ballistic motion as known for active par-
ticles themselves [29, 82, 83].
Recently, it has been shown that energy can be ex-
tracted from active fluids and biomolecular motors [84].
Asymmetric cogwheels submersed in an active bath spon-
taneously rotate [85–88]. Moreover, it has been demon-
strated recently that wedgelike microparticles can be
transported in the highly dilute [89] and in the turbulent
state [90] of the active bath.
Here, we focus on the modelling of the dynamics of a
wedgelike microparticle (referred to in the following as
”carrier”) when it is exposed to a bath of microswim-
mers. These V-shape particles can be fabricated by pho-
tolithography [35, 86, 91] and can be submersed into a
bath of biological or artificial microswimmers. By using
an external field, the carrier is only allowed to trans-
late but not to rotate. In this paper, we resolve the mi-
croswimmers explicitly using different interaction models
with different degrees of alignment after a binary colli-
sion. We study the impact of these interactions on the
transport efficiency of the carrier in detail and show that
the transport mechanisms itself strongly depends on the
degree of alignment embodied in the modelling of the in-
dividual swimmer dynamics. In the modelling so far [90],
the maximal carrier speed occurred in the turbulent state
and caused by swirl depletion. Here we show that for
strongly aligning interactions the picture is different: an
even higher transport speed can be achieved in a dilute
active fluid which is induced by a smectic ordered cluster
in the wake of the carrier. In contrast to earlier work [89],
here a full swarm has developed to push the carrier in an
efficient way. We also compute the shape of the carrier
maximizing the transport speed and show that it depends
2on the kind of interaction model used.
This paper is organized as follows: First we specify our
modelling in Sec. II before we study and compare the
collective behavior in Sec. III. In Sec. IV we study the
transport efficiency of a wedgelike carrier and work out
the underlying mechanisms, which are directly linked to
swimmer-swimmer interactions. Furthermore, we com-
pute the optimal shape of the carrier which leads to
the maximum transport speed. Finally, we conclude in
Sec. V.
II. MODEL
We model the active bath in two spatial dimensions
by considering N rodlike self-propelled particles with
center-of-mass positions rα and orientations uˆα (α =
1, ..., N), using a possible effective body shape asym-
metry analogous to Ref. [90] in the absence of noise
and hydrodynamic interactions. Therefore, each rod of
length ℓ and width λ is discretized into n = 6 spher-
ical segments equidistantly positioned along the main
rod axis uˆ = (cosϕ, sinϕ). The aspect ratio of the
swimmers is fixed to ℓ/λ = 5 according to a previ-
ous work regarding the explicit realization Bacillus sub-
tilis. Between the segments of different rods a repul-
sive Yukawa potential is imposed [92]. The result-
ing total pair potential of a rod pair α, β is given by
Uαβ =
∑n
i=1
∑n
j=1 UiUj exp[−rαβij /λ]/rαβij where λ is
the screening length defining the particle diameter, and
rαβij = |rαi − rβj | the distance between segment i of rod α
and j of rod β (α 6= β). The effective body shape of the
rods can be tuned by the interaction prefactor of the first
segment of each rod with respect to the others, see Fig. 1.
This quantity will be given by the ratio U∗ = U21 /U
2
j
(j = 2 . . . n), where U∗ = 1 refers to a symmetric rod.
Any overlap of particles is avoided by imposing a large
interaction strength U2j = 2.5F0ℓ. The shape asymmetry
allows us to controll the degree of alignment during a bi-
nary rod-rod collision [93]. Here we study two situations
in detail: first of all, the symmetric case where U∗ = 1,
to realize an nematic alignment like in Refs. [38, 55, 94],
and secondly, asymmetric rods, with U∗ = 3, to mimic
the swim-off effect observed for colliding bacteria. In the
following, we refer to these two situations as models with
weak or strong alignment. The self-propulsion is intro-
duced by an effective self-propulsion force F0 which is
directed along the main rod axis leading to a constant
propulsion velocity v0 [95]. Hereby, we do not resolve
any details about the actual propulsion mechanism.
Colloidal microswimmers move in the low Reynolds
number regime, the corresponding overdamped equations
of motion for the positions and orientations are
fT · ∂trα(t) = −∇rαU(t) + F0uˆα(t), (1)
fR · ∂tuˆα(t) = −∇uˆαU(t), (2)
FIG. 1. Sketch of the system of self-propelled rods with aspect
ratio ℓ/λ and an effective self-propulsion velocity v0 directed
along the main rod axis uˆ. The single six Yukawa segments
are shown by red circles – a larger interaction prefactor for
the first segment of each rod is indicated by darker color. A
wedgelike carrier with a short contour length L is shown by
blue circles.
in terms of the total potential energy U =
(1/2)
∑
α,β(α6=β) Uαβ +
∑
α Uα< with Uα< the potential
energy of rod α with the carrier (the susbcript < is as-
sociated with the carrier). The one-body translational
and rotational friction tensors for the rods fT and fR can
be decomposed into parallel f‖, perpendicular f⊥ and
rotational fR contributions which depend solely on the
aspect ratio a = ℓ/λ [96]
2π
f||
= ln a− 0.207 + 0.980a−1 − 0.133a−2, (3)
4π
f⊥
= ln a+ 0.839 + 0.185a−1 + 0.233a−2, (4)
πa2
3fR
= ln a− 0.662 + 0.917a−1 − 0.050a−2. (5)
The resulting self-propulsion speed v0 = F0/f|| sets to
characteristic time unit τ = ℓ/v0. We ignore any thermal
fluctuations.
According to previous experiments [90] the motion of
the submersed carrier will be restricted to translation by
using an external magnetic field which keeps the orienta-
tion of the carrier fixed. The carrier-swimmer interaction
is implemented analogously to the swimmers by tiling the
contour length L into Yukawa segments. Most of our data
are obtained for L = 26ℓ but we do also vary the contour
length L.
The resulting equation of motion for the carrier is
f< · ∂tr<(t) = −∇r<U<α(t), (6)
where f< corresponds to the hydrodynamic friction ten-
sor of the wedgelike carrier, calculated for the spe-
3cific geometry of the carrier using the software package
HYDRO++ [97, 98].
We use a square simulation box with area A =
(3L/
√
2)2 and periodic boundary conditions in both di-
rections. The total number of swimmers is determined by
N = Aφ/λℓ, where φ is a dimensionless packing fraction.
III. BULK BEHAVIOUR
Let us start with the characterization of the emergent
dynamical states for both considered situations in ab-
sence of the carrier. As suitable order parameters we use
the averaged swimming speed 〈vα〉/v0, measured via the
mean swimmer displacement during a time step ∆t =
10−3τ , and the enstrophy Ω = 12 〈|[∇×V(r, t)] · eˆz|2〉 for
a velocity field V(r, t) coarse-grained in space over three
swimmer lengths. The results are shown in Figs. 2(a),(b)
and show qualitatively the same behavior for both sit-
uations, though the achieved values for 〈vα〉/v0 and Ω
are slightly higher for swimmers with less alignment. In
agreement with experiments [42, 99], we can distinguish
between three dynamical states as a function of increas-
ing swimmer density. For low swimmer packing fractions,
φ . 0.25, the average swimmer velocity is 〈vα〉 & 0.6v0
due to small amount of collisions, leading to a dilute state.
For larger densities 0.25 . φ . 0.75 the velocity is almost
constant and the system reveals a large enstrophy Ω for
both systems. Since the enstrophy is a convenient indica-
tor for bacterial turbulence [42, 49], we will refer to this
state as turbulent. For high densities 0.75 . φ the system
becomes dynamically jammed, 〈vα〉 . 0.5v0. Using the
equal-time spatial velocity autocorrelation function, we
can determine the typical swirl radius R for various swim-
mer concentrations by its first minimum [49]. Hereby, in
case of the asymmetric particle model, the typical swirls
size is larger, see Fig. 2(c).
To quantify the influence of the body shape asymmetry
on the (collective) motion of the swimmers, we study the
parallelism of the coarse-grained velocity field and the
similarly coarse-grained orientation fieldU(r, t) using the
coefficient C
C =
〈cos θ〉 − 2/π
1− 2/π , (7)
where θ is the angle between both fields, see Fig. 2(d).
Perfectly parallel fields lead to C = 1, while random
directions reveal C = 0, hence 〈cos θ〉 = 2/π for θ ∈
{−π/2, π/2}. In case of the symmetric rods, the mu-
tual collisions in the dilute regime already form dense
aligned clusters, leading to high parallelism of the two
fields. With increasing swimmer densities and the emer-
gence of large scaled swirls the coefficient C decreases. As
is intuitively expected, the stronger the interaction align-
ment the larger the parallelism between the two fields.
0
4
8
12
0 0.2 0.4 0.6 0.8
Ω
φ
×10−5
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8
〈v
α
〉/
v 0
φ
0.4
0.6
0.8
1
0 0.2 0.4 0.6 0.8
C
φ
4
5
6
7
8
0.4 0.6 0.8
R
/
ℓ
φ
(b)(a)
(d)(c)
U∗ = 1
U∗ = 3
turbulent
U∗ = 1
U∗ = 3
dilute jammed
U∗ = 1
U∗ = 3
dilute
turbulent
jammed
U∗ = 1
U∗ = 3
turbulent jammed
FIG. 2. Comparison of different bulk quantities for system
with weak (open symbols) and strong (filled symbols) align-
ment. (a) Averaged reduced swimmer velocity 〈vα〉/v0, (b)
mean vorticity Ω, (c) typical reduced swirl size R/ℓ, and (d)
alignment coefficient C as a function of swimmer packing frac-
tion. Shaded areas indicate the emergent dynamical states.
IV. TRANSPORT OF A WEDGELIKE
CARRIER
A. Transport efficiency
Now, we study the transport efficiency v/v0 of a wedge-
like carrier for both alignment situations. Due to the
symmetry of the wedge any averaged directed motion
perpendicular to the apex will vanish. In the apex di-
rection there is no such symmetry and due to rectifica-
tion the carrier will propagate along this direction. The
resulting transport efficiency v/v0 is shown in Fig. 3 for
two selected contour lengths of the carrier.
While the maximal transport efficiency in around 0.25
for the asymmetric particles, as confirmed by experi-
ment [90], the efficiency for symmetric swimmer is larger
v/v0 ≈ 0.35. Moreover, the characteristic density for
which the transport is optimal is vastly different: it oc-
curs at low densities in the dilute regime for strong align-
ment but is significantly shifted towards the turbulent
regime for weak alignment. However, both aliment con-
ditions reveal an almost constant efficiency in the turbu-
lent regime. Finally, if the active fluids jam, the carrier
velocity clearly decreases as well.
B. Optimization of wedge shape
We now study the carrier geometry leading to maximal
transport efficiency. First of all, we choose for both situa-
tions the density which showed the highest transport and
vary the apex angle for a fixed contour length L = 26ℓ,
see Fig. 4(a). Clearly, there has to be an optimal angle
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FIG. 3. Transport efficiency for various swimmer densities
and two contour lengths of the carrier, L = 26ℓ (circles) and
L = 52ℓ (squares). Filled symbols correspond to weak and
open ones to strong alignment. The dynamical states are
indicated by shaded areas. The insets show the temporal
progress of the carrier position indicated by the dotted line.
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FIG. 4. Transport speed for (a) varied apex angle and fixed
contour length L = 26ℓ and (b) varied length and fixed apex
angle α = 90◦ for both situations at a fixed given swimmer
packing fraction φ.
between zero and 180 degrees as these two extreme cases
do not lead to any transport at all. As a result, the opti-
mal wedge for weak alignment has an apex angle α = 90◦
while the optimal angle in the strong alignment model is
around α = 60◦.
Complementarily, we then have modified the length for
a given apex angle α = 90◦, see Fig. 4(b). We find an
optimal length of L ≈ 20ℓ in the weak alignment model
and a larger length of L ≈ 26ℓ in the strong alignment
model.
C. Transport mechanism
First of all, we recapitulate the transport mechanisms
for the weak alignment model which has been recently ex-
plained by swirl shielding inside the carrier [90]. When
turbulence sets in, there is a shielding of turbulent fluctu-
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FIG. 5. Velocity correlation time tv/τ for both particle mod-
els, a carrier with contour length L = 26ℓ and varied swimmer
packing fraction.
ation near the walls of the carrier. Due to the wedgelike
geometry this shielding is more pronounced inside the
carrier than outside and thus a shielded area near the
cusp emerges. Swimmers are trapped inside this area for
a long time and are able to push and thereby transport
the wedge since they are rectified by the carrier. This
process is limited by the flipping processes of the push-
ing microswimmers inside the wedge. The latter gives
rise to fluctuations in the carrier velocity which are char-
acterized by a typical correlation time scale tv. This time
tv is set by the decay of the normalized and shifted carrier
velocity autocorrelation function defined as
Cv(t) =
〈v(t0)v(t0 + t)〉 − 〈v〉2
〈v2〉 − 〈v〉2 . (8)
A numerical fit reveals that this quantity decays as
exp(−t/tv) from which the typical correlation time tv
can be extracted. The results are plotted in Fig. 5 for the
two alignment situations considered in this work. There
is no such swirl shielded area outside the wedge as the
swirls can sweep all swimmers away. This imbalance after
all pushes the carrier forward. Clearly, this mechanism
is valid for both alignment situations in the turbulent
state. However, the transport efficiency achieved (see
again Fig. 3) is larger for weak alignment since the typi-
cal swirl size is larger than in the strong alignment case
(see again Fig. 2) and therefore the corresponding swirl-
shielded area is larger leaving more space for pushing
microswimmers. As a consequence of the swirl shield-
ing concept, the optimal transport is achieved when the
apex width of the carrier is comparable to the typical
swirl size, L = 2
√
2R ≈ 21ℓ, see again Fig. 4.
For strong alignment interactions, the swirl-shielding
concept is overwhelmed by another mechanism which oc-
curs already in the dilute regime. Figure 6 shows the local
density and the swimmer orientation (by plotting the av-
erage 〈cosϕ〉 around the carrier). The density exhibits
a ”hot spot” near the cusp and a depleted zone in the
wake of the carrier. Due to the directed transport the
carrier acts like a bulldozer and accumulates swimmers
in its front. The intensity plot for the swimmer orienta-
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FIG. 6. Intensity plots for (top) the local swimmer density
around the carrier and (bottom) the averaged swimmer ori-
entations, using 〈cosϕ〉 for the situation of strong alignment
and a packing fraction φ = 0.07.
tion shows a clear rectification of swimmers within the
wedge even in the wake, where a huge smectic cluster is
formed, see left inset of Fig. 3. This cluster is very stable
as indicated by a large correlation time tv in the carrier
velocity, see again Fig. 5, leading to persistent straight
motion of the carrier.
To supplement this picture, we finally present data for
the local average density in front of the carrier (φf ) and
in its wake (φw) in Fig. 7. The emergent smectic clus-
ter in the wake of the carrier for the strong alignment
model leads to φf/φw → 0 for small swimmer densi-
ties, see Fig. 7(a) which supports the strong pushing
efficiency. When collective motion starts in the bulk,
the ratio φf/φw gets larger than unity implying that the
transport efficiency is decreased. For the weak alignment
model this ratio is always larger than unity, see Fig. 7(b).
This can be confirmed by experiments on Bacillus subtilis
and a microwedge with a contour length L = 52ℓ [90], see
Fig. 7(c). We can predict this ratio by a simple scaling
argument in the dilute regime. The carrier velocity is
v ∼ v0φ and the achieved directed motion leads to a den-
sity gradient [v ∼ D∇φ, with D ∼ v0ℓ/φw]. According
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FIG. 7. Comparison of the density around the carrier using
the ratio φf/φw, i.e. the ratio of the two densities in the
front and in the wake for both interaction models, the two
selected contour length as before and varied swimmer packing
fractions φ. The inset in (b) shows a close up for the dilute
state and a linear dependence of the ratio on the packing
fraction φ. (c) Experimentally obtained concentration ratio
cf/cw, with c the three-dimensional volume fraction.
to this, we can approximate the resulting density ratio
for a moving carrier by φf/φw − 1 ∼ φ, which is shown
in the inset of Fig. 7(b).
To summarize, there are two different mechanisms at
work for optimal carrier transport, namely swirl shielding
for weak aligning interactions and a large polar pushing
cloud of swimmer for strong alignment interactions. The
first occurs in the turbulent regime while the latter is in
the dilute regime.
V. CONCLUSION
In conclusion, we have demonstrated that the actual
transport speed of a passive microwedge (”carrier”) im-
mersed into an active bath depends on the aligning prop-
erties of the individual microswimmers. For strong align-
ing interactions, as realized for artificial rod-like mi-
croswimmers, a polar oriented cloud in the wake of the
carrier pushes the carrier forward. Conversely, for inter-
action without strong alignment, as realized for bacterial
swimmers, the most efficient transport occurs in the tur-
bulent state of the active bath and is caused by swirl
depletion. Our results were obtained by computer sim-
ulations and can be verified in experiments. In particu-
lar, experiment with artificial microswimmers exhibiting
a strong aligning interaction are highly desirably to test
the predicted picture of a polar-ordered wake.
Future work should focus on different shapes of carri-
ers like L-particles or C-particles which have been con-
sidered theoretically [80, 93] but should be realized in
experiments. Finally, the carrier transport can be possi-
6bly used as building block to fabricate more complicated
micro- and nanomachines steered by an active bath.
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